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Summary 

Mutations in the presenilin 1 (PS1) ana preaenHIn 2 
genes cosegregato with the majority of early-onset 
familial Alzheimer's disease (FAD) pedigrees. We new 
document that the Api-42(43)/Afi1-^0 ratio in the OOn- 
ditioned media of independent N2a cell Unee ekpress- 
Ing three FAD-^llnked PS1 variants Is unlformhf alevatod 
relative to cells expressing similar lavols of vt/lld^type 
P51 . Similarly, the Ap1-42(43)/A^1<^ ratio Is elevated 
In the brains of young transgenic animals coexpress- 
Ing a chimeric amyloid precursor protein (APR) and 
an FAD-llnked PSi variant compared with brains of 
transgenic mice expressing APR alone or transgenic 
mice coexpressing wild-type human PSi and APP, 
These studies provide compelling support for the view 
that one mechanism by which these mutant PSI cause 
AD IS by increasing the extracellular concentration of 
Ap peptides terminating at 42(43J, species that foster 
Ap deposition. 



Thvve authorft oontribtitvd •qually to this work. 



introduction 

Alzheimer's disease (AD), a progressive neurpdegenera- 
th^e disorder, is asaoclatad with aavaral risk factors, 
Including age and Inharttance. The majority of early- 
onset caaea of AD are inherltad aa autosomal dominant 
disorders and cosegregate with mutations in the follow- 
ing: the presenilin 1 {P$1] gene'on chromosome 14 (5t 
George-Hyslop at at., 1992; Shenrington et al., 1995; 
Aljcheimer'a Disease Collaborative Group, ig95; Wasco 
et al., 1895; Campion et al.> 1995; Chapman et al„ 1995; 
Cruts et al., 1995; Boteva et aL, 1996; Perez-Tur et ai., 
1995); the presenilin 2 (PS2) gene on chromosome 1 
(Levy-Lahad et al.» 1995a. 19B5b; Rogaev et al., 1B95); 
and the amyloid precursor protein (A^P) gene on chro- 
mosome 21 (Goate et al.. 1991; Chartier-HarUn et al.. 
1991; Naruse et al., 1991; MuHan et al., 1992; Hendriks 
et aK^ 1 992). Mutations, In PSI and PS2 are causative In 
'^50% of pedigrees with early-onset FAD (Scheilenberg, 
1995). 

The mechanlam(s) by which FAD-linked mutations in 
PS cause AD have not been defined. However, recent 
studied indicate that conditioned medium from fibro- 
blasts or plasma of affected members of pedigrees with 
PST/PS2-llnked mutations show a highly significant in- 
crease in the ratio of A^1-42(43)/Api-40 relative to unaf- 
fected family members (Scheuner et al., 1998). The 
emerging view that Api -42(43) plays a critical role In 
the pathogenesis of AD i$ supported by aeveral lines 
of evidence as follows: first, physical ehsmicai studiaa 
indicate that A^1-<2(43) nucleates rapidly and Is more 
fibrlllogenic than Api-40 (BurdiCk et al, 1992; Jan-ett et 
aL, 1993; Jarrett and Lanabury, 1993); second, severe! 
FAD-linhed mutations In APP alter the processing of 
APP in cultured cells, leading to incnaased levels of 
Apl -42 In culture medium (either with or without increas- 
ing the levels of Apl'-^O) (Cal et al.. 1993; Citron et al.. 
1992; Suzuki et al., 1994); third. A|31-42 Is the pHnclpal 
component of amyloid deposits (Roher et al., 1 993); and 
fourth, immunocytochemical and biochemical studies 
that document oarty and selective deposition of A|31- 
42(43) species in brains of patients with AD (Iwatsubo 
et alM 1994; Qravina et al,. 1995) and Down»s Syndname 
(Iwatsubo et al., 1995; Lemere et al., 1996a). More re- 
cently, massive Ap42(43) deposits were demonstrated 
in the cerebr«i cortex and cerebellum of individuals with 
a PS1 -linked E280A mutation (Lemere et al.. 1996b). 

To examine directly the effects of wild-type and mu^ 
tant PSI on the ratio of Ap peptide species, wo quanti- 
fied the levels of aecreted Api-42(43) and A31-40 in the 
condHioned itiedium of stable mouse neun>blastoma 
(N2a) cell lines that conatliutively express human APP 
In combination with wild-type PSI or FAD-Ilnked PSI 
variants, We document that the ratios of Apl -42(43)/ 
Apl-^0 in media of Independent cell lines expressing 
different FAD-Ilnked PSl variants' (I.e., A246E» M146L. 
or AE9 variants) are uniformly elevated compared with 
the Api-42(43>/Ap1-40 ratios In media from cells that 
express essentially indistinguishable levels of wild-type 
PSI , We extended these arKSilyses to examine whether 



mutani PS1 lnflu«nc«8 Api -42(^3) production In the 
CNS. Wo mated tranaoenic mice AxproBsIng either hu- 
man PS1 (Hu PS1) or Hu PS1 hafborino an FAD-llnked 
A246E mutation with tren»ganic mic© e^proaalng ele- 
vated levels of chimeric murine |Mo/Hu) APP-fid5 har- 
boHnfl a Hu A^ domain and mutationa (KSBSN. M696L) 
linked to Swediah FAD pedigrees (APPewo) (Mgllan et 
aL, 1992), Wa document that in the braina of young 
transgenic animals coexpres^fng APPawe and mutant 
PS1. the ratio of Ap1-42(43) lo Apl-40 is elevated as 
compared with tnanagenic mice expreaaing APPswe 
alone or transgenic mice coexpresaing Hu PS1 and APP- 
awe. Collectively, our studlea of tranafected cells and 
iransgonic mice provide compelling support for the view 
that mutant preaenilln acquires propertydos) that influ- 
ence APP pnoceaalng In e manner that nssulta in elevated 
extracellular concentrations of Ap1 -42(43), a highly am- 
yloidogenlc peptide that is selectively deposited in the 
brains of Indlvlduala with AD and Down's Syndrome 
(Iwatsubo et a)., 1994; Gravina et al.. 1996; Lemere et 
al., i996a). 



Results 

Expressioh of Human P81 and APP In N2a 
Cell Lines 

Stable mouse neuroblastoma (N2a) cell lines were gen- 
erated that express the following: wild-type human APP 
alone (one line); human APP-fl95 with human wild-type 
PS1 (two lines): and human APP-695 with three different 
FAD^Iinked PSi variants (M14BL [lour linesj, PSi A246E 
[two lines], and PS1AE9 [five lines]). The steady-state 
expressfon of APP and PSI In each cell Hne was quanti- 
fied by Western blonlng. r'*llP"»teln A detection and 
phosphorimaglng. 

To examine PSI expression, we used aPSILoop, an 
antiserum that specifically reacts with epitopes In the 
hydrophlllc "loop" domain of PSI (amino acids 263-407) 
fThlnakaran et at., 1996). We recently reported that PSI 
ia subject to endoproteolytic processing In vivo, and the 
preponderant PSi -related species that nonmally accu- 
mulate in cultured mammalian cells, and In the brains 
of rodents, primates, and humans are '-'27-28 kDa 
N_terminal and '--1 6-17 i<Da C-temilnal derivatives fThl- 
nakaran et al., 1996)- in untransfected N2a cells (data 
not shown) and N2a cells exproaaing human APP alone 
(Figure 1A, lane 1), aPSILoop antiserum detected an 
'-1 6 kDa C-tormlnal PSI derivative of mouse PSI . Moro- 
oyer. and consistent with our earlier observations in 
African monkey kidney COS-1 and human embryonic 
kidney 293 cells expressing human PSI (Thlnakaran et 
al., 1996), aPSI Loop antiserum detected rw43 kDa and 
r^l 7 kDa polypeptides, corresponding to full-length hu- 
man PS1 and a C-tennlnal human PSI derivative, re*- 
spectlvely, In N2a lines that stably coexpress human 
APP and human wild-type PSI (Figure 1A, lanes 2 and 
3). Both the full-length PSI and '-'17 kDa human P^l 
derivative were detected In lines that stably coexpress 
the M14SL (Figure 1A, lanos 4-7) or A246E (Figure 1A. 
lanes B and 9) PSI variants. These results demonstrate 
that these FAD-hnked P$1 variants are efficiently pro- 
cessed. In lines expressing the AE9 PS1 variant (Figure 



1 A, lanes 10-14), oPSILoop detected variable levels of 
an kDa PSI EO polypeptide, a wadant that Is not a 
substrate for endopnotedlysia fThlnakaran et al.» 1996), 
and lew levels of the -^16 kDa mouse PSI derivative. 
Interestingty. the -16 kDa endogenous mouse P81 de- 
rivative failed to accumulate In cell lines expressing high 
levels of the Ml 46L (Une MU1 0. Figure 1 , lane 7), A246E 
(line AE.29» lane 9), or AE9 (line AE9.1 8, lane 1 4) variants. 
Theae results parallel our earlier demonstration that the 
mouse kDa PSI derivative Is undetectable In the 
brains of transgenic mice that overaxpress human PSI 
(Thinakaran ei aL. 1 996). and appears to be replaced by 
the human '^17 kDa PSi derivative. 

In parallel, we examined the levels of N-termlnal PSI , 
~27-28 kDa derivatives In the N2a lines using Ab14. a 
polyclonal serum specific for amino acids 3-1 6 of human 
and mouse PS1 {Figure 1 B). As expected. Abl 4 detected 
an -^28 kDa N-temrilnal PSI derivative in N2a cells ex- 
pressing human APP alone (Figure IB, lane 1) and '->43 
kDa and —27 kDa polypeptides, con^sponding to full- 
length human PSI and an N-termlnal human PSI deriva- 
tive, respectively. In N2a lines stably expressing human 
wlld-typs PSI (Figure 1B. lanes 2 and 3)^ M14BL PSI 
variant (Figure IB, lanes 4-7), or A246E PSI variant 
(Figure 1B. lanos B and 9, respectively). As expected, 
Abl 4 detected the -40 kDa PSI AE9 polypeptide In linos 
expressing the AE9 PSI variant and the endogenous 
-^28 kDa N-terminal derivative (Figure 1 B, lanes 1 0-1 4). 
In addition, the ^-28 kDa mouse N-iermlnal PSI deriva- 
tive failed to accumulate in cell lines expressing high 
levels of the Ml 46L (Figure 1 , lane 7), A246E (lane 9). or 
the AE9 variant (lane 14), a result that mimicked the 
compromised accumulation of the mouse '--1 6 kDa 
C-terminal derivative In these lines. 

To determine the steady-state levels of accumulated 
APP in stable N2a lines, we used antibody CT1 5, a poly- 
clonal antiserum raised against the C-termlnal 1 5 resi- 
dues of APP (Sisodia et ah, 1993). As expected. CT15 
reacted with low levels of mouee APP In untransfected 
N2b colls (Figure 2, lane 1 ) and high, but variable levels of 
full-length -^1 OO and 1 05 kDa polypeptides representing 
synthetic and mature fontis of human APP-695. respec- 
tively, in each of the cell lines (Figure 2). pSJ-methionlne 
pulse-labelling, immuncprecipltatlon, and phosphortm- 
eging analysis revealed that relative biosynthotic rates 
of human APP In each of the lines were indistinguishable 
from the steady-state analysis shown In Figure 2 (data 
not shown). 



Ap In Condltlonod Medium of Cell Lines 
The levels of API -*0 and Apl -42(43) species that accu- 
mulated In the conditioned medium of N2a colls coex- 
presstng human APP and human PSI wore quantified 
using a well characterized BAN"60/BA^Z7 and BAN^SO/ 
BC-06 sandwich EUSA aasay that specifically detects 
AUI -40 and A^l -42(43), respectively (Suzuki et aK, 1 9&4; 
Gravina et al., 1995; Scheuner et a!., 1996). in view of 
the differing steady-state levels of human APP and hu- 
man PSI (pr PSI variants) and clonal variability In Ap 
secreiion, we chose to calculate the ratio of Api -42(43) 
to Ap1-40 (I.e., the Ap42/40 r«tio)» instead of companng 
the absolute levels of Ap for each sample (Table 1). The 
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Statistical elgnif icane© was calculated using the nonpar- 
arfifetrlc Mann-Whitney test. The Ap42/40 ratio in me- 
dium of N2a lines expressing human APP alone, or in 
combination with wild-type human PSI , were compara- 
hle (0.093 ± D.004 and 0.100 ± 0.006, respectlvoly). In 
this regard, despite an --S-fold difference In the level of 
human PSI expression between lines wi.3 and wt.2S 
(Figures i A and 1 B, lane$ 2 and 3), the A342/40 ratio in 
these lines were quite comparable (0.094 ± 0,006 and 
0.106 ± 0.011, rospeOti\/ely), However, stable lines ex- 
presBing the M146L (Figures iA and 1B. lanes 4-7). 
Aa46E (Figures 1 A and 1 B, lanes B and 9), or AE9 (Figures 
1A and IB. lanes 10''14) PSi variants exhibited signifi- 
cantly higher Ap42/40 ratio? relative to wild-type lines 



(0.154 r .011 versus 0.098 ± ,004, P ^ 0,Dl02). Signifi- 
cantly, the A^4Z/40 ratios w©re higher in seven lines 
that expressed mutant PS1 (i.e., ML.11, ML.4, 

AE.23. A£.29, AE9.23, and AE9.21) at levels lower than, 
or equivalent to. wild-type human PS1 In lines wt.3 and 
wt.25 (0.128 ± 0.004 versus 0,1 ± 0.OO6, respectively; 
p = .0405), Interestingly, and for reasons not pr^enWy 
clear, an '^2-foM increase in expression of PS1AE9 In 
line AE9.9 compared with line AE9.21 (Figure 1 A, lanes 
1 0 and 1 1 ) resulted In a remarkable Increase in the Ap*2y 
40 ratio {0.199 2: 0.004 versus 0.113 ± 0-003). However, 
further increases in the expression Of the AE9 PS1 vari- 
ant (Figure 1A, lanes 13 and 14) did not significantly 
elevate the A(J42/40 ratio. Notably, the AP42/40 ratio for 
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a line BXpresaing the highest levels of the Ml 46L variant 
(ML.10i Figure 1, lane 7) was 0.200 ± 0.001. In this 
instance, high levels of f uil-lengih Ml 46L PS1 also bcpu- 
mulated. 

At present, ihe relative contributions of full-tengih mu^ 
tant PSl or its fragments to A342/40 production Is unoot- 
tled, We reported that the preponderant PS1 speclea in 
vivo are its endoprotoolytic derivatives fHilnakaran ot 
al.. 1996); in stably transf acted cells, It is conceivable 
thai accumulated full-length mutant PS1 may elevate 
the Ap42/40 ratios in a manner thai Is nonphyaiologic. 
However, it Is quite clear that In lines expressing different 
mutant PS1 with nearly undetectable levels of accumu- 
lated full-length mutant PS1 (lines AE.23, and 
the Ap42/40 ratio averaged 0.133 compared 
with wild-type P$1 -expressing tines that exhibited an 
AP42/40 ratio of 0.1 , despite the accumulation of full- 
longth wild-typo PSi. 

Expreaalon of Human PSI and Human APP 
in Transgenic Mice 

To examine the influence of mutant PSI on Ap42/40 
ratios In an in vivo sotting, we examined Ap42y40 ratios 
in the brains of transgenic mice expressing wild-type or 
mutant PSI. Mice expressing either wild-type Hu PSI 
or the PAD-ilnked A246E PSI variant were mated to 
transgenic mice sxpreealng a chimeric MO/Hu APP- 
a95swe (APPswe) polypeptide. The APPswe cONA was 



created by replacing sequences encoding the Ap do- 
main of murine APP with the cognate sequences from 
Hu APP, thus allowing examination of the influence ot 
PSI on human Ap. All transgenes were transcriptionally 
dependent upon the murine prion promoter (MoPrP) 
vector (Thinakaran et al.. 1996). The levels of human Ap 
peptides in brain homogenates of transgenic animals 
were determined using a C|uantiiatlve sandwich ELISA 
assay, described above {Suzuki et al., 1994; Qravinaet 
al., 1 995; Scheuner et at,, 1 996). 

Our previous investigations of PS1 expreaalon In 
transgenic mice revealed that 43 kDa human PSI is 
proteolytically processed to generate '-'27 kOa N-terml- 
nal and --i 7 kDa C-termlnal derivatives, which accumu- 
late to equivalent leveis (Thinakaran et al., 1996). We 
examined the expression of the A246E PSI variant in 
total SDS extracts of brains of transgenic mice with 
Ab14, a polyclonal serum specific for amino acids 3-1 5 
of human and mouse PSI and mAb N-terni, a mono- 
clonal antibody (mAb) specific for PS1 N-termirtal epi- 
topes (see below; Figure 3B). We show that 43 kDa PSI - 
A246E is cleaved to generate 27 kOa derivatives (Pigures 
3A and 3B, lanes 5 and 6), which comigrated with 
N-terminal derivatives from human PS1 (Figure 3A, lanes 
7 and 8). Notably, the A246E mutation is predicted to 
reside in the 27 kDa N-termlnal fragment. Parallel immu- 
nobiot studies with antiserum to sequences In the loop 
domain of PS1 fThlnakaran et al., 1996) demonstrated 
the presence of C-terminal 17 kDa derivatives generated 
from the mutant PSI polypeptide (data not shown). 
Thus, the A246E mutation does not conspicuously alter 
proteolytic processing of the PSI variant in brain, con- 
sistent with our findings in stably transfocted N2a cells 
(see above)* 

In the brains of mice from wild-type PSI mice^(line 
S8-4), we observed high levels of accwmulaiod full- 
length 43 kDa species. In oariier studies, we demon- 
strated that human PSI mRNA is highly overexpressed 
in the brains otiine S8-4, and we argued that accumula- 
tion of full-length human PSI Is the result of high syn^ 
iheiic nates of transgans-encodod mRNAs (Thinakaran 
at al., 1 996). In those studies, we also documented that 
the levels of accumulated N-terminal human PSI frag- 
ments In brains of line S8*4 were Indistinguishable from 
the levels of accumulated N-terminal fragments In brains 
of Independent lines of mice expressing human PSi 
mRNA at levels '-1 0- to 20-fold lower than mRNA in line 
S8-d fThlnakaran et al.. 1 996). From those analyses, we 
concluded that accumulation of the PSI endoproteolytic 
derivatives is highly regulated and saturable- in contrast 
to line 86-4, very little full-length A246E PSi accumu- 
lated in the brains of line NB, consistent with Northern 
blot analyses, which demonetnated that brain mRNA 
levels in line N-5 are '--3- to 5-fold lower than In line 
SB-4 (data riot shown). Interestingly, the levels of scou- 
mulatod N-tennlnal human PSI fragments In brains of 
lines N5 and S8-4 ara quite comparable, despite the 
accumulation of Mil-length wild-type PS1 In line S8-4. 

Total APP iavels In detergent extracts from the brama 
Of the APPswe transgenic mice and mice cooxpreaslng 
APPswe and Hu PSI were examined by immunoblotting 
with CT15. an APP C-terminai specific antiserum; the 
CT-IS epitope Is consented in human and murirte APP. 
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Figwre 3. Expcvaslon of Wlld-Typ* And Mutant Hu P91 in Trqnagenic 
Mice 

The cortex, hippocampus, and thalpmua of brains from 2- to 
3-month-o(d transgenic and nontirancigsiiie tittermatQ? w^ra homog- 
ortizftd as described In Expertmenul Precedur«B. 
(A) and (B) W<i an^lysted so ng of brain protein by Immunoblot with 
N-temiift«t enllbodlee Abl 4 and mAb N-tarm. Bound primary enil- 
bodies w/ere revetted by fij-proteln A (prlniBry itiAb mqglrad prior 
to ineubation with rebbit antiserum to mouse IgG). The mAb N-t6nti 
specif ieally recogniza? human PS1 . 

(C) A CoomaEfiie-Btflinftd flal, run in parsllel, demonstraies equ«l 
loading of brain protein extractt:, LaneB 1 and 2, nontranBgenlc mice; 
lanea 3 and 4, transgenic mlo« harboring APPswe tmnagan^s alone; 
laries 5 and 6, transgenic mice harboring APPswe and mutant human 
PSl trehsgdnfta; tanaa 7 and 8, trwiagonlc mice harboring APPswe 
and wlid-typ« human PSi transgBnaa. 



We observed an Increase in the tev^ld of accumulated 
100-110 kDa APP (Figure 4, lanes 3^) cortipared with 
lltterrhates lacking tranegenea (Figure 4, lanes 1 and 2). 
Phosphorlmaging analysis of CT^15 Immunoblots indi- 
cated an '^2-fold Increase In APP levels In mice harbor- 
ing the APPsvye transgene. Parallel analyses wlxh mAb 
6E1 Oi specific for human A^ sequences (Kim ei al., 1 988, 
1990; Hsiao et al,, 1995), confirmed the presence of 
humanized Ap domains in the APPswe polypeptides 
(data not shown). 

Ap Levels In Brains of Transgenic Mice 
Coexpresaing Human PSI and Human APP 
Levels of Ap wore measured In homogenates of brains 
from 2- to 3-month-old transgenic mice by quantitative 
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Figure 4. Expression of Mo/Hu AFP^6S5aw« in Transgenic Mice 
Co6«praaaing Wild-Type and Mutant Human PS1 
Total SDS eKtractfi of brain protein were analyzed by Immunoblonlng 
with CT1 5, an antibody that I'acoghizea both murine and human APP. 
Mice hartiorlng the APPswe iransgene show an ^^2 told Incraooe In 
APP Immunoraafitiwity. Unea 1 and 2, nomransgenle mice; lanea 3 
and 4. transgenic mice harboring APpswe transgerws alona; lanes 
5 and 6, transgenic mice harboring Appawa and mutant human PSl 
tranagenes; lanes 7 and 6, transgenic mica harbtfirlng APPswe end 
wild-typa human PSI transgenes. 



sandwich £Lt$A assays, described above ($u2;uki et aK, 
1994; Gravina et al.. 1995: Schouner et al., 1996). Al- 
though the absolute levels of Api-^0 and A^l -42(43) 
In the brains of transgenic mice varied considerably, 
coexpresslon of mutant PSI with APPawe dispropor- 
tionately elevated the concentration of Api -42(43) rela- 
tive to Api^O (Figure 5); the A342/40 ratio shifted from a 
mean of 0.21 5 (SE =^ 0.01 1 ) In llttennate mice expressing 
APPswe alone (Group A) to a mean of .305 (SE -= 0.014) 
In mice expressing both APPswe and mutant PSI. Im- 
portantly, the A$42/40 ratios In mice coexpressing mu- 
tant PSI ^nd APPswe did not overlap with those for 
mice expressing APPswe alone; nonpsrametrie Mann- 
Whitney statistical analyses revealed that the difference 
between the two groups was highly significant (P « 
0.006). Beoause we observed significant varlablliry In 
absolute levels of total A^42/40 in the cohort of APPswe 
llttermates (Group A), we repeated the analyses on a 
cohort of APPswe animals alone (APPswe B6 n1 genera- 
tion; see Experimental Procedures), which were aged 7 
months (Group B). The ratios of A^42/40 in the brains 
from the two groups of APPswe mice (Groups A and B) 
were very similar (0*215 and 0.21 Z, respectively). Non- 
parometric Mann-Wbitney analyses revealed that the 
50% Increase in the AP42/40 ratio In the brains of mice 
expressing both APPswe and mutant Hu PSI as com- 
pared witli mice expressing APPswe alone (Groups A 
and B) was highly significant (P • 0.001). Thus, despite 
the variability in total A^ levels, the effects of mutant 
Hu PSI were sufficiently robust to cause detectable, 
and highly statistically significant^ Increases in the Ap42/ 
40 ratio. 

To examine the effects of human wild-typo PSI on 
Ap(42/40 ratios, We examined the brains of two mice 
eoexpressing APPswe and wild-type human PSl * We 
observed that the A342/40 ratio In these animals was 
0.1 92i a value not statistically different from the mice 
expressing APPswe alOne (Figure 5), Thus, Increasing 
PS1 expression alone is not sufficient to alter the A^42y 
40 ratio. Moreover, a significant shift in the AP42/40 ratio 
(P » 0,05) was observed when we compared values for 
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lack of ovsrlap bvtwsen veituea in the AFf^swa + mutant human 
PS1 trantganlcs veniua Appswa 4(ona and APPftwe 4 wild-type 
human PS1 mica. Horizontal bars mark iha avarafle value tor Api- 
42(43) to A3n-a6 mttoa. Aaiarlak: this a«arage welud is siflnHlcantly 
hiflhar than tha avarage "alue tor APPhw6 mica (P = 0.001) and 
aPP*w« x wHd-typa human PSi mica (P = 0.051. 



mice coexpressing wild-type PS1 and APPswe (0.192) 
and mico cooxpreasing mutani PS1 and APPswe (0-305). 
The hlflhor lovol of transgene expression in wild-type 
PS1 mico (line 58-4) underscores the significaince of 
these obsoTvationa and leads us to conclude that only 
mutant Hu PSi influences APP processing in a manner 
that enhances Api"42(43) production. 

Dificusslon 

Mutations in PS1 and PS2 cosegregate with the majority 
of pedigrees with wly-onset FAD, but the molecular 
mechaniBm(s) by which FAD-linked PSI and PS2 vari- 
ants cause AD ar6 unclear. The absence of nonsense 
or framoshift mutations leading to truncated PS1/PS2 
support the notion that AD is caused not by the loss, 
but by the gain, of deleterious properties of the mutant 
polypeptides. In this regard, recent studies indicate that 
conditioned medium from fibroblasts or plasma of af- 
fected members of pedigrees with PS7/PS2-linked mu- 
tations show a significant Increase In the ratio of Ap1- 
42(43)/Api-40 relative to unaffected family members 
(Scheuner at al., 199B). These data suggest that the 



FAD-Hnked mutations cause AD by Incroaslrig tha extra- 
ceUular concentration of highly amyloidogetilc Apl- 
42(43) species, thus fostering Ap amyloid deposition in 
the brain. 

To examine directly the influences of wild-type ftnd 
mutant PSI on A01-4O and Api-42(43) production, we 
generated stable mouse neurobfaatoma (N2a) cell lines 
that constltutivety express human APP in combination 
with human PSI or FAD-llnked PSI variama. We ex- 
tended thesa investigations to analyse the Api -42(43) 
to API -40 ratio In the CNS of transgenic mice that ex- 
press a chimeric APP (APPswe) in combination with 
wild-type PSI or the FAD-linked A246E PS1 variant. 

Our findings provide the fimt demonairatloh of a bona 
fid0 effect of wild-type and mutant P$1 on Ap42(43) 
production In vitro and in vivo and offer Important In- 
sights into the pathogenetic mechanism of PSI -linked 
FAD. First, we document that the ratio of Apl-42(43)/ 
Api -40 in the medium of Independent cell lines express- 
ing variable levels of either the A24SE. the M146L, or 
AE9 PSI variants is uniformly elevated compared with 
medium of cells expressing wild-type PSI , In these stud- 
ies, elevated extracellular A342(43) accumulation, medi- 
ated by mutant PSI, occurred in independent lines that 
exprsss the M146L, A246E. or AE9 variants at levels 
lower than, or comparable with, lines expressing human 
wild-type PSI. Second* we document that the ratio of 
Api-42(43) to Api-40 in the brains of young transgenic 
animals coexpressing APPswe and mutant PS1 i* ele- 
vated by 50% compared wlih transgenic mice express- 
ing APPswe alorw or transgenic mice coexpressing 
wild-type Hu PSI and APPswe, At this time, amyloid 
deposition and associated neuropathological abnor- 
matltes have not been detected In the brains of older 
mice expressing either APPswe akane (14 months), mu- 
Unt PSI alone (8 months)* or young animals coexpress- 
ing APPswe and mutant PSi (D. R. B. and M. K. L-. 
unpublished data)* Hence, the alterations in Api -42(43)/ 
Apl-40 ratios detected in the brains of our young ani- 
mals coexpressing APPswe and mutant PSI are not the 
consequence of pathogenic processes, but rather are 
indicative of fundamental changes in the processing of 
APP. Collectively, the data obtained tn>m stably trans- 
fected cells and brains of transgenic mice provide com- 
pelling suppon for the view that one mechanism by 
which mutant PSI causes AD is the acquisition (or en- 
hancement) of property(iBS) that influence APP pro- 
cessing in a manner that leads to Increased extracellular 
concentrations of A^l -42(43). 

Our findings are notable in view of several lines of 
evidence in support of the idea that Apn-a2(43) plays a 
critical role In the pathogenesis of AD: flret, biophysical 
studies demonstrate that Ap1"42 has rapid nucleation 
and aggregation kinetics (Jarnstt and Unabury, 19B3); 
second, mass apectrometric analyses of purified amy- 
loid plaques revealed that Ap1-42 Is the principal com- 
ponent 6f amyloid deposits (Roher et al., 1993); thiird, 
cells expressing FAD-llhked APP with miesense muta- 
tions at position 717 (of APP-770) seprete high levels of 
Apl -42(43). (Suzuki etaL. 19B4); and fourth,. biochemical 
and immunocytoohemlcai studios of brains from pa- 
tients with AD (Iwatsubo et al., 1 W4; Gravlna et al., 1 996) 
and Down's Syndrome (Iwatsubo et al.» 1995; Lemere 



ot at., 1 »68) using end-5pecific antibodies ravealed that 
epeclQ9 toitnlnftting at rttoldue 42(43) occur early 
and salectlvely In both diffuse and compact amyloid 
plaques. Signiflcamly, recent studies (temere et al., 
ie96b) havs demonstnated abundant Ap42(43) deposi- 
tion In ths cerebral cortex and cerebellum of indtvlduala 
with a PS1 -linked E2B0A mutation with amyloid burdens 
that far exceeds that de«cHb«d for Individuals homozy- 
gous for BpoE4 alleles (Roses. 1 994; Hyman et aL, 1 995), 
AM of these lines of evidance Indicate that A^l -42(43) 
is a critical peptide Ih th0 pathoaenesis of amyloid depo- 
sition. These converging linos of evidsnce, In coniunc- 
tion with our demonstration that mutant PS1 Influences 
APP processing In vitro and in vivo, are consistent with 
the hypothesis that elevated ewracellular concentra- 
tions of amyloldogenic A31-*2(43) peptides precipitate 
disease In PSI -linked PAD. 



ExDoHmArttal Proo«dur«s 



Qvneratiort of P8i ExpfMslon V^etars 

A cPNA-aneodlng hur™ PSI gmrmmd w dwacribed (Slum «l 
al., IMS). PSI cDNA cmDddihB Vm A246E ■ubstKution wa« gMiAratod 
by nT-PCfl of cyti>plabniK: WA JndLtimd twm 6kirt fifirafctesto ef a 
pat imt h«rtKvirtg xtm AflASE muURton (Nl A C«B RopoftiiDry «Aa06e4SB) 
UBlng tr* prtrnw" p»lr, WPJDMIO^^ (GGGaTACXATQACAOAaTT 
ACCtGCAC) and hAD»-H-3'UTR (CCQQQATCCATOOaATtCTAAC 
COC). PCR product waa diB«rtad wWi Aap-718 ttrtd BomHl, and -1 .4 
kB PSI cCTNA wa« em purtM and noatM to BkiaaoHpi KS+ vector 
{Stretaoona, La Joila, CA) prw4oui^ diflaaiad wHth 8 and BarrtMl, 
to 8on»mto phPSI A246E. The cDNa wmm Mqumni In ttwir onttiwy 
uairi0 a Saquanaw (U. S. 8, Oawatand, OH). To ganemta human P31 
«DNA ancodlng kha M1A6L aubiiltutten. ^ b toui^ay PGR 
svviagy wHh two primar paint and hi^^^a^ t>9l eONA aa wnplate. 
Tha primer pan* tor tha Initial PCR natitim% wrm hAOa-MI 4eLF (OTC 
ATTOrr6TCCTC>CTATCCTCCTOVhADa.RaB4 (OAQQAOTAAATGA 
OaQCTGG) and hAD3-M1«tR (CAGQAOOATAGTCAOQACAaCAAT 
aACynAD3.237F (CAQftrGGTGGAQCAAaATO). PCR producFts from 
*ach raaction w«fB gal puriflad. comWrtad, and subjaot lo a aacond 
round o! PCR with primare h AD3-237F and hAD3-R2a4 . Tha t^wmng 
product w«» dlgasted wtth Kasi and PflMt and an ~300 bp eel- 
purifiad fragmant waa VigMtd to KaaUPflMl -diBoatad phP81 to gan^ 
arata phPSi m ASL. Tna Inaarta and jurtottona wara aaquancad uoing 
Saquenaa? (U. S. B, Clav»land, OH). Tha atratagy for 9or*0ratlng 
cDNA artcoding PSI lacMna won fl (amino aclda ZWV^iB) waa 
dattdrtbad pravloualy CThir^akamn ai al„ 1896). Soqwaneaa anoodlng 
PSi wariama wara aubclpnad downatraam of mpuaa prion promotar 
in platmid MoPrP. Xho (Thinakaran «l al.. l ftoe)» to ganarata MoPr**. 
PS1 axprasaion plasmlds. 



Two anilbodlai diracted asairtat N-tannlnal epitopaa of PB^ wata 
uaae In thi» awdy: AM 4 ts a polycional «*rtjm apaolflo for amlrto 
Adds 3-16 of human and mouaa PSi CThlnaitanin ai 1SB6). and 
mAb N-Unn i» a eonoantmtod <:ail ouhura aupamatant tn?m a rat 
myatoma primad with a chlmoric pitnaln conalatlhg of tha N^amilnal 
BO amino aolda of human PSI fua^J to baciarial glutathlona 
S-tmnafaraaa. aPSI Loop^ an amiaanim that Bp»aeffloally raacte with 
apltopaa In iho hrdrophillo loop domain of PS1 (amino SCida 263- 
407) (Thinakaran at ai.. 1996) waa ua«l lo datact PS1 C-tannlnal 
daf1vatlvB«. 

For waatam blot anaJyaia, daianawit hraataa «<»ar» praparad froiti 
coLla and transgenic mouaa btaina as daaoribad prwiouaty (Thtna- 
Kanin ai al., ISSB). Tha ptaady^atala axpraaakm of P8i ana APP In 
ouHurod call* and mouaa br^in waa axamlnad by Waatam Wot analy* 
■ia MBlng PS1 -apoclfk:, «PS1ljoop, and Abl« amlaam, and APP- 
«paalflc CT19 antlaara (Slaodta at al., 1993). Human PSI In 
tranagjinlc mouaa brain waa d^eeiad wHh mAb N-tann. Tha biota 
wara incubrtad with r»1)0Ttrt»lh A (DuponVNCH, Wlimington. DO 



and bound radlottctivify waa quantMad by phoaphorimaglng (Molec- 
ular Pynamiea, Sunnyuata, CA). 

Ganaratlon of Slabta Coll Unaa eapmaalng P81 and APP 
Stable mouaa N2a naUTODlaaiema oalla wara oanamted by ootrana- 
Isctlng 5 |Lg MoPrP. PSI aKpraaalon plaamlda encoding human 
wlld-typa PSI. PS1l^14fiL, PS1A9ael£, or PS1AE9. with 0.6 m< of 
cDNA ancoding human wlld-typa APP-agS In a CMV eapraaaion 
vector, pCB6 (Lo at al., 1M4). E«pfaaalon of hum<M^ P$l In GaiB- 
raalfttant llnaa waa datermlned by Waatam btot analy«l* ^1* pofy- 
clonal QpSHoop and Ab14 antlsam (Thinakaran at al„ 1980). Ek- 
preaaion of human APP was datarmlnad by Waat«m blot analysis 
with CT1S antlatrum. One N2a line oapfaaamg APP and wndatact- 
abla levels of human PS1 (wi.?)* two wlld-fypa PSI llnaa (wt,3 and 
wt.25), four PSiMl4et llna» (ML2. ML.4. Mi-10, and MLn)» two 
PSI A24eE tlnaei (AE.23 arnl AE.2S), and fiwa P&1AE9 Unas (AE9.9. 
AEg.14, &I^9.1B. AEg.21, and AE9.29) wara uaad In thl« atudy. 

Ganaratlon of Tranagenic Mica 

Tranaeantc mica aiipraaalng w||d-typa Hu PSI wen? pra^loMaly d«>- 
acrtbad (Thinakaran at al., 199«J. in the praaant atudy. wa used a 
Una of tranaganic mice expreaaine very high lavals of wHd-kypa Hu 
PSI (line SO'^tf) H'hlnakaran at al.. iTOB). To gemrttia tranaganic 
mica axpnnslng tha A246E P31 vartanti -a Iniaciad prtinuolal whh 
llnMllzad anpraaaton plaamid, MoPrP. A24«E, daaoribad abova. Ail 
Hu PSI tranagenle miea wara maintained as C3H/IHaJ x C57BL/&J 
hybrids. 

To ganarrfta cDNA ancoding Mo/Hm APP-fl96swa. a PCR-basad 
strategy was utilized in whieh iha eligenuQlaolida prlmara enc^oded 
Ih0 "SwadlBh** mloaanaa muUtiona and eoniatnad appropriate ra- 
strtotion andonucleaae sites to allow for tha oonatnicttan of chimeric 
APP. The cDNA were aaquencwd prior to Insefiion into the iMloPrP. 
Xho wwitor. Mke harboring tha APPa-Hi tranagana wara initially 
ganamted in PZ hyb^tda of C3H/HaJ ^ CS7BU6J mice. Tha F3 
progeny of thasa matlngv wara aubaaquantly matwl to CS7BL/eJ 
for ona generation (APPawa EHSni) before mating to mloa harboring 
PS1 tranagenea (all of which wara F3 progeny of C3H/H»4 x CS7BL/ 
6J matlnga). 

Analyala of Api--^ end Api-4l(43) Saoratad 
by Stable Nta PSi/APP Unaa 

Stable N2a Unas wena plated 1 x 10* calls/eo mm diah and main- 
tained In 1:1 OptlMEM (GIBCO-BRU Betheada* MP) and Dulb«ioo'» 
modifiad Eagia's medium supplemented with 10% fetal bovine ae- 
rum. The fDllD««ing daty, culture medium waa rvplaced with fmsh 
medium eomalning 10 mM butyrate (ifl induce tmnaoriptlon of the 
CMV pnsmotar-driwen human APP oDNA) (to et al„ 1 994). The condi- 
tioned medium was ooileoied 24 hr later and atoitid troian at -70^C, 
The aamplM ware coded In order to fftcMhata a blinded compariaon. 
Allquois of conditioned medium were anaJyiad by 0AN-b<i/BA-27 
or BAN-50/BC-DS sandwich EUSA aaaaya esaantlally as pmvtouaiy 
deeeribed (Sutuld et ol., 1994; Seneuner at al., 1096) to meaeum 
Apl-40 and A&1-42(43), respecrtlvely. 

Analysie of Api-40 end Api-*a(43) In Brain Tlaaue 
Approximately 15d mg of tissue wea dounce nomeganlxad (6 
at^kea) in 1 ml of 70* fomnk: acid. Homogenates were contrifugod 
at 100,000 x g for 1 hr to remove particulate material. The superna- 
tant woe reoowared and neutniliiftd wtth a 20-fold dilution in 1 M 
Tils base. Following neut^atoailon, 100 jjJ of tha sample was mlited 
wtth 60 a,l of EC buflar (0.02 M eodlum phosphaia, 0.2 mM EDTA, 
0.4 M f4aCI, 0,2% BSA. 0.05% CHAPS, QA% Blocii-AcBt O.QS% 
sodium sKlda (pH 7.0]) and anaiyied dlr«!t»y using the BAN-60/ 
BA27 and Da«-^BC06 swidwich EUSa ^imm (Suzulti et al, 1 994; 
Omvina «i al.. 1995; Haiao ot 1«B; Sohauner at al., 1996^. The 
values obtainad wens calculated by comparison ^^Kh tha abaorban- 
oaa obtained from a standard cunmof aynthmle Ap1-40 and Api-4Z 
(Baehem. King of Pmasia, PAJ. adjusted for aampie dilution, and 
oonverted to pmoia/g wet weight tisawe. 
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